Abstract Analysis of a sample of diverse pearl millet genotypes with 200 genomic DNA probes revealed this crop species to be extremely polymorphic. Among these genotypes, 85% of probes detected polymorphism using only two restriction enzymes, with an average pair-wise polymorphism between all of the probe-enzyme combinations of 56%. Two crosses were employed to construct an RFLPbased genetic map. In an intervarietal F 2 population, derived from a single F 1 plant, 181 loci were placed on a linkage map. The total length of this map, which comprised seven linkage groups, was 303 cM and the average map distance between loci was about 2 cM, although a few intervals in excess of 10 cM were present at the ends of a few linkage groups. Very few clones, including those which hybridized to more than one copy, detected more than one locus in the pearl millet genome. The analysis was complicated initially because 83 of the 181 loci mapped to a single linkage group. Analysis of a second cross identified a probable translocation breakpoint in the middle of this large linkage group.
Introduction
people living in large areas of the semi-arid tropics of Africa and India. In terms of annual global production, pearl millet is the sixth most important cereal crop, following wheat, rice, maize, barley and sorghum (Brunken 1977) . Although pearl millet has a remarkable ability to grow on soils of marginal fertility and semi-arid conditions, it responds very well to fertilization and irrigation (Minocha 1991) . In addition, this species has also proved to be ideal for genetic study. Millet has a haploid (1C) DNA content of about 2.5 pg (Bennett 1976 ) and possesses abundant phenotypic variation (Brunken 1977) . Moreover, it has a number of wild relatives with haploid chromosome complements of 5, 8 and 9, in addition to a large group with 2n = 14 with which it can be intercrossed (Jauhar 1968 (Jauhar , 1981 .
Despite its economic importance and amenability as a research organism, the genome of pearl millet has been little investigated. In this paper we report on the first detailed linkage map of P. glaucum.
Materials and methods

Genetic stocks
Genotypes. Nineteen genotypes were employed to assess the level of polymorphism in this crop species. They were Tiff 23DB j, 5141 B, ICMB 841, 81B, 843B, J 104, ICMP 423, ICMP 451, K 560, ICMH 423, ICMH 451, BK 560, HHB 67, 7042(S) , ICMP 85410, and LGD-1-B-10. These genotypes were selected both because of their range of geographical origin and as potential parents of mapping populations.
Parents and F 2 populations. Two single crosses involving four parents were made. The first cross was between LGD-1-B-10 (C. T. Hash, unpublished), a derivative of (B70 x Tift 756)-1-4-5 and ICMP 85410 (ICRISAT, unpublished) . This cross is referred to below as LGD x 85410. The second cross was between Tift 23DB 1 and WSIL (IP 18292) . This cross is referred to as 23DB x WSIL. LGD x 85410 was selected for mapping based on the analysis of the 19 genotypes with 200 low-copy probes. A population of 133 F 2 plants was studied. When it became apparent that this cross may have involved an interchromosomal translocation, 132 F 2 plants from the cross 23DB x WSIL were grown and used for transfer of a skeleton map from the linkage group with the suspected translocation event.
DNA probes
Most clones were derived from a pearl millet PstI genomic library. This library, containing 1000 clones (PgPSMI-PgPSM1000), was constructed with total-plant DNA extracted from leaves of the pearl millet genotype 7042(S). Fifty micrograms of DNA were digested to completion with 100 U PstI and subjected to electrophoresis on a 1% agarose gel. The DNA fragments in the size range of 500-3 000 bp were collected using a DEAE membrane. The purified fragments were then ligated into the PstI site of PUC18. The E. coli bacterial strain DH5 c~ was transformed and plated out on Xgal/IPTG/ampicillin/LB plates. Individual colonies were picked out and grown in 5 ml of LB containing 10 pg/ml of carbenicillin. Clones containing highly-repeated sequences were identified by transferring PstI-digested plasmid mini-preparations from 1% agarose gels to Hybond + 32 N nylon membranes and hybridizing these with P-labelled HaeIIIrestricted total genomic DNA. Those giving strong signals were discarded and the remaining putative low-copy clones were PCR-amplified.
Other clones were also employed in the study. Three of these (UGT1, UGT159 and UGT185), derived from the progeny ofP. squamulaturn x P. glaucum, were kindly provided by Dr. R Ozias-Akins (Tifton, Georgia). Two heterologous known-function probes, both maintained in this laboratory, were also included in the study. The locus designated Xpsr391(Fbp) was detected by a probe for chloroplastic fructose-1,6-bisphosphatase (Raines et al. 1988 ) kindly provided by T. Dyer. Another locus, designated Nra, was detected by a nitrate reductase probe (Cheng et al. 1986 ) kindly provided by Prof. A. Kleinhofs.
RFLP procedures
Methods for plant DNA isolation, restriction enzyme reactions, gel electrophoresis, Southern transfer, probe labelling and filter hybridization, were as described by Sharp et al. (1988) , with the modification that Hybond N § nylon membranes were used. After hybridization the membranes were washed twice in 2 x SSC and 1% SDS for 15 rain each at 65~ followed by two washes in 0.2 x SSC and 1% SDS for 15 rain each at 65 ~ Membranes were stripped for re-use by adding a boiling solution of 0.5 % SDS and 0.1 x S SC and agitating for 15 rain.
Initially, 200 clones, identified as single or low copy, were used to screen DNA from the 19 genotypes digested with two of four restriction enzymes, EcoRI, EcoRV, HindIII and DraI. Subsequent screening for polymorphic probe-enzyme combinations was restricted to the four parental lines involved in the two F 2 populations. The probe-enzyme combination which gave the clearest polymorphism between the respective parental genotypes was used in the mapping experiments.
Linkage analysis
The data were analyzed using the programme MAPMAKER (version 3) supplied by E. S. Lander, Whitehead Institute for Biomedical Research, Cambridge, Massachusetts. Linkage groups were first obtained using two-point analysis with a LOD score of 8 and a maximum recombination fraction of 0.20. Multipoint analysis was then used for markers in each individual linkage group to determine their relative order with a LOD threshold of 2.5. These LOD thresholds were arrived at empirically. The severe, two-point, LOD discriminated pseudo-linkages due to segregation distortion. Remaining marker loci that could not be placed under these criteria were then assigned to the most-likely intervals. The data was further scrutinised to identify points for which any possible ambiguities in order existed.
Results
Library
As demonstrated in many other crop species (e.g., Burr et al. 1988 ; M c C o u c h et al. 1988), the use of PstI to gener- ate genomic D N A fragments for the production of a library enriched for l o w -c o p y clones also proved effective in pearl millet. Only 11% of the clones gave strong signals when hybridized with total genomic D N A , and these were discarded. Eighty-three per cent of the remaining clones detected single-copy sequences, as determined from hybridization patterns with two restriction enzymes. Eight per cent detected low (2 to 4)-copy sequences, and the other 9% detected higher copy-number sequences. . This percentage, of course, is highly dependent on the particular sample of genotypes chosen for examination. However, the pearl millet value was significantly higher than that found in many predominantly self-pollinating cereal crop species, including rice (McCouch et al. 1988) , wheat (Chao et al. 1989; Devos et al. 1992 ) and barley (Graner et al. 1991; I-Ieun et al. 1991) , but was similar to that observed in the predominantly cross-pollinating maize (Helentjaris et al. 1985) .
In some crop species, the detection of an R F L P pattern in any genotype-pair with one restriction enzyme is likely to be repeated when another restriction enzyme was used because the RFLPs result primarily from insertion/deletion events. Base substitution within restriction sites may result in different patterns with different enzymes. A survey of the R F L P observed within the sample of pearl millet genotypes and probes indicated that base changes within restriction sites were common, since in most cases either an R F L P was detected with only one of the two restriction enzymes, or the RFLPs between two genotypes digested with two restriction enzymes did not differ by the same size increment. For example, when probed with PgPSM473, the polymorphism between 700651 and 7042(S) was detected by EcoRI but not by EcoRV. For P7 and 7042(S) the RFLPs detected by both EcoRI and EcoRV indicated different origins. P7 has a larger hybridizing fragment with EcoRV and a smaller one with EcoRI (Fig. 1) 
Map
Of the 166 probes used to construct the map in the LGD x 85410 cross, 108 hybridized to single-copy sequences, 45 to two-copy sequences, nine to three-copy sequences and the remaining four to four-copy sequences. Most of the probes that hybridized to low-copy sequences detected polymorphism at only a single locus in this cross and only 12 of them detected more than one locus in different parts of the genome. Overall, 181 segregating loci were detected, and they were assigned to nine linkage groups using twopoint analysis. These included six main groups [consisting of 83 (46%), 29 (16%), 20 (11%), 17 (9%), 13 (7%) and 11 (6%) loci respectively], two groups each containing two loci, and a single locus detected by probe PgPSM870, which segregated independently of any other. When a LOD < 8 was used, a unique placement on linkage group 4 was found for one of these small doublets (containing Xpsm464 and Xpsm409.1).
The mapping data for the large linkage group, containing 46% of the loci mapped, identified a region where some points showed close linkages but could still not be linearly ordered. To further investigate this potential translocation point, 19 loci within the group were also mapped in the 23DB x WSIL cross. This resulted in two independent linkage groups (Fig. 2) . Close scrutiny of the LGD x 85410 data indicated that integrity broke down below Xpsm837 in linkage group 1 and above Xpsm4]6.2 in linkage group 2. The points Xpsm651, 672.2 and 322 clearly lay in the intervening region but could not be assigned with confidence to either group (Fig. 3) . Independence of linkage groups 1 and 2 has been confirmed in another four crosses (C. J. Liu unpublished). The final map has seven main linkage groups (Fig. 3) , which presumably correspond to the seven chromosome pairs in pearl millet, and three unassigned points, including Xpsrn870.
Loci showing skewed allelic segregation Segregation distortion was very severe in the LGD x 85410 cross. Eighty-six out of the one-hundred and eighty-one loci mapped in this cross deviated significantly from the expected 1:2:1 or 3:1 segregation ratios, 29 (16%) at the 5% level of significance and 57 (31%) at the 1% level. Allele frequencies could be quantified accurately only at the 45 loci showing co-dominant, i.e., 1:2:1, segregations. Of these, 19, all in the region of the putative break-point separating chromosomes 1 and 2, had normal, i.e., 1:1, A:B ratios but an excess of heterozygotes (Fig. 4) . The other 26 loci showed significant A:B deviations. Without exception, these deviations favoured alleles of the male parent ICMP 85410 and most mapped on linkage groups 4, 5 and 7 (Fig. 4) . Contrary to the findings in the LGD x 85410 cross, most loci mapped in the 23DB x WSIL cross showed the expected 1:2:1 or 3:1 segregation ratios. Significant distortion was observed for only 3 out of the 19 loci, two of them (Xpsm196 and Xpsm223) at the 1% level and the other (Xpsm347) at the 5% level. These distortions all favoured alleles from the male parent, WSIL, and all three mapped at the bottom of linkage group 1.
The order and recombination frequencies among loci on the two different crosses
Of the 19 probes that were used for mapping in both the crosses (Fig. 2) , two (PgPSM223 and PgPSM632) both de- The order of all loci mapped on linkage groups 1 and 2 in these two crosses was identical (Fig. 2) . Compared with that in the LGD x 85410 cross, there was a general reduction in recombination frequencies (and hence genetic lengths) between markers in linkage group 2 in the 23DB x WSIL cross. For linkage group 1, although the distances between some points differed in the two crosses, the overall length was similar.
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Discussion
Segregation distortion
Segregation distortion is a common phenomenon in RFLP analysis and has been observed in almost all crop species studied so far, particularly in interspecific crosses. However, few of the previous reports noted such extreme segregation deviations as was found here in LGD x 85410, in intra-specific crosses, both in terms of the proportion of markers involved and the level of distortion. Moreover, all the skewed markers in our population were consistently biased toward alleles from the male parent or, in the region of the translocation breakpoint, towards heterozygous genotypes. None was significantly skewed towards the female parent, LGD. Such distortions can be due to gametic or hybrid selection at different developmental stages for genes affecting fitness (O'Donoughue et al. 1992) .
LGD is much earlier to flower, has a smaller biomass, and is generally less vigorous than ICMP 85410, probably due to the presence of the el gene for photoperiod-insensitive early flowering (Burton 1981) . Not all F 2 plants produced enough tissue to be sampled, or survived to produce seeds, so alleles from the least-fit parent may have been selected against. However, data from the 23DB x WSIL cross suggest that such extreme segregation distortion is unlikely to be a general property of this species.
Chromosome evolution
It has been widely speculated that several crop species have evolved from species with lower basic chromosome numbers. Evidence supporting this hypothesis has been found by RFLP studies in maize (Helentjaris et al. 1986; Whitkus et al. 1992) , sorghum (Hulbert et al. 1990; Whitkus et al. 1992; Chittenden et al. 1994) , and brassicas (Slocum et al. 1990; Kianian and Quiros 1992) . It has been speculated from cytogenetical evidence that x = 5 may be the original basic number in the genus Pennisetum, and that the apparently diploid species, P. glaucum, with 2n = 14 chromosomes, may be a "secondary diploid having a secondary balanced number of x = 7" (Jauhar 1968 (Jauhar , 1970 (Jauhar , 1981 . If duplication of part of the original genome has been involved during the evolution of pearl millet, some duplicated loci should be consistently located together in different regions of the present genome. Twelve out of the one-hundred and fifty-eight probes allowed detection of more than one locus in the LGD x 85410 cross. Figure 3 shows that duplicated loci detected by the same probe, i.e., those with decimalised postscripts, can be adjacent, such as those detected by PgPSM223 (linkage group t) and PgPSM383 and PgPSM227 (linkage group 2), be far apart, or even on different linkage groups, such as those detected by PgPSM330 (linkage groups 4 and 7) and PgPSM640 (linkage groups 4 and 7). Some of the loci, which were detected by the same low-copy-number sequences but which mapped on separate chromosomes, showed evidence of non-random distribution. For example, clones PgPSM421, PgPSM634 and PgPSM215 detected copies, in the same order, on linkage groups 2 and 5, and both PgPSM330 and PgPSM640 detected copies on linkage groups 4 and 7. Confirmation of this possible evidence for duplicated regions of the genome must await more extensive data.
The proportion of single-copy sequences mapped in LGD x 85410 (110 out of 166) was lower than the 83% found in the low-copy-number sample in the genomic library, simply because there is a greater chance of detecting polymorphism with probes which hybridize with multiple copies. While sequences present in several copies are useful for map construction, for studies of chromosome evolution, and in some fingerprinting applications, unambiguous single-copy sequences are easier to apply in experiments in which the map is to be transferred to other crosses; for example, to tag genes of agricultural importance. For this reason, single-copy sequences, and multiple-copy sequences where all copies have been shown to cosegregate at a single locus, and so are likely to provide unambiguous markers in further applications, have been highlighted in Fig. 3 .
Marker clustering
Previous studies using physical markers, such as NORs, C-bands and in-situ sites, all indicated that recombination is predominantly confined to the distal regions of chromosomes in Triticeae species (Linde-Laursen 1982; Dvorak and Chen 1984; Snape et al. 1985; Lawrence and Appels 1986; Wang et al. 1991) . Clustering of RFLP loci around the centromeres has been repeatedly observed in several crop species. In hexaploid wheat, for which the centromere locations can be precisely located using aneuploid genetic stocks, such clustering effects are particularly obvious (Chao et al. 1989; Devos et al. 1992) . Although the RFLP map generated in P. glaucum is relatively dense, with an average distance of 2 cM between markers, specific chromosome areas with tightly-linked markers are still evident. In the absence of physical markers it is not known if this is because the regions have a reduced recombination or a particularly high level of polymorphism. The clusters were not confined to one single region in each of the seven main linkage groups. For example, linkage group 1 contains at least five of these clusters.
The relationship between genome size and map length
The pearl millet map obtained in this study spans 303 cM. Assuming that linkage group A and the independent locus Xpsm870 each represent an additional 50 cM, we estimate that the total genome genetic length of pearl millet revealed with the present data set would be about 400 cM, which is the shortest in all the major crop species studied so far. For example, the map size reported for barley was between 1096 and 1453 cM (Graner et al. 1991; Heun et al. 1991) and for rice was 1389 cM (McCouch et al. 1988) , although the nuclear DNA content for the latter is only one quarter that of pearl millet (Bennett 1976) . It is well known that one of the main factors which influences the actual map size obtained in a given species is the cross used for study. The wider the cross, the smaller the total map distance is likely to be. Many RFLP maps reported so far are based on data derived from a single, often wide, cross. Thus it will not be surprising if later studies extend existing map distances. However, several different crosses, all involving adapted accessions of P. glaucum, have now been investigated in this laboratory. All show similar linkage intervals where direct comparisons can be made and thus we conclude that the LGD x 85410 map is typical of the species.
The small map size of pearl millet will facilitate its use in some applications, but hinder progress in others. To locate genes in crosses other than those for which RFLP maps exist, a skeleton map often needs to be transferred. In pearl millet less than 40 probes will produce such a map, with an average map distance of less than 10 cM between markers. In contrast, a larger number of probes will be needed in other crop species. On the other hand, the low levels of recombination will increase linkage drag in, for example, the transfer of genes by backcrossing. Application of the map to identify flanking recombinants, and so improve the efficiency of the backcrossing process, is thus likely to be particularly apposite in pearl millet.
